Abstract Abstract Salty taste with or without chlorine or chloramine flavour is one of the major consumer complaints to water utilities. The flavour profile analysis (FPA) taste panel method determined the average taste threshold concentration for salt (NaCl) in Milli-Q water to be 640^3 mg/L at pH 8. Chlorine and chloramine disinfectants have no antagonistic or synergistic effects on the taste of NaCl, salt, in Milli-Q water. The flavour threshold concentrations for chlorine or chloramine in Milli-Q water alone or in the presence of NaCl could not be estimated by the Weber-Fechner curves due to the chlorine or chloramine flavour outliers in the 0.2-0.8 mg/L concentration range. Apparently, NaCl is not equilibrated with the concentration of ions in the saliva in the mouth and the concentration of free chlorine or chloramines cannot be tasted correctly. Therefore, dechlorinated tap water may be the best background water to use for a particular drinking water evaluation of chlorine and chloramine thresholds. Laboratory FPA studies of free chlorine found that a 67% dilution of Central Arizona Project (CAP) (Tucson, AZ) water with Milli-Q water was required to reduce the free chlorine flavour to a threshold value instead of a theoretical value of 80% (Krasner and Barrett, 1980) . No synergistic effect was found for chlorine flavour on the dilution of CAP water with Milli-Q water. When Central Avra Valley (AVRA) groundwater was used for the dilution of CAP water, a synergistic effect of the TDS present was observed for the chlorine flavour. Apparently, the actual mineral content of drinking water, and not just NaCl in Milli-Q water, is needed for comparative flavour tests for chlorine and chloramines.
Introduction
Each water utility receives its water from a different source. Thus, water quality differs in its minerals content i.e. total dissolved solids (TDS), pH, alkalinity, total organic carbon (TOC), disinfectant type and disinfectant by-products. Alone or in combination, minerals and disinfectants could increase or decrease the intensities of tastes and odours of drinking water. Salty taste with or without chlorine or chloramine flavour is one of the consumer complaints to water utilities (Suffet et al., 1996) . Understanding the effect of TDS and free chlorine or chloramine on tastes and odours of drinking water will help utilities in their effort to minimise, control and understand drinking water taste and odour problems and thus consumer complaints. NaCl (sodium chloride) was chosen to simulate TDS in tap water for laboratory flavour panel studies.
The objectives of this research were to evaluate the taste and flavour effects of: (1) different concentrations of NaCl (as TDS) alone and in the presence of chlorine and chloramines; (2) different concentrations of chlorine or chloramine in the presence of a different constant NaCl concentration; (3) performing comparative tests of the laboratory studies on potential Tucson tap water from the Central Arizona Project (CAP) and Central Avra Valley (AVRA) groundwater supplies. Objective 3 evaluated guidelines for operation of the Tucson water treatment system to avoid free chlorine, chloramine and TDS levels that would produce water with unacceptable tastes or odours. These studies were compared with laboratory studies with Milli-Q water and added NaCl.
Methods

Sensory analysis
Samples were analysed by flavour-by-mouth using the flavour profile analysis (FPA) Method No. 2170 (APHA, 2000 to determine flavour characteristics and associated intensities of different samples. The FPA method was performed at room temperature (23^18C) at pH 8. 1-8.4 , at the background conditions of the water of Tucson, AZ. The pH of the samples was adjusted with 0.1 N sodium hydroxide (NaOH). Milli-Q water was used as the water matrix to construct Weber-Fechner curves. FPA samples were prepared in 1-brown glass bottles with Teflon-lined caps.
Bottles used for the preparation of chlorine or chloramine solution were pretreated to remove chlorine demand by filling the bottles with approximately 10 mg/L chlorine or chloramine in Milli-Q water and storing them overnight. The next day the bottles were emptied and rinsed three times with the samples tested. A stock of the chlorine or chloramine solution of 100 mg/L was used for sample preparation. The chlorine stock solution was prepared from 5% NaOCl (sodium hypochlorite) and Milli-Q water. The chloramine stock solution was prepared from mixing a solution of ammonium chloride and 5% NaOCl in Milli-Q water. For the chloramine stock solution preparation, the weight per weight ratio of Cl 2 :NH 3 must be 3:1, to insure against the production of free chlorine. The Milli-Q water for chlorine stock solution was adjusted to pH 5 by drops of 0.1N H 2 SO 4 (sulphuric acid) and for chloramine stock solution Milli-Q water was adjusted to pH 10 with 0.1N NaOH.
Weber-Fechner curves
Weber-Fechner plots that describe the straight-line relationship of odour or taste intensity of a particular type and the logarithm of the concentration of the chemical of interest were used for the evaluations of threshold values (Figure 1 ). The first two objectives of the study required Weber-Fechner plots for six different experimental conditions. Each experiment was examined to develop the relationships between the concentration and intensity of salt (NaCl) taste with and without a constant concentration of free chlorine or chloramine in Milli-Q water at a pH near 8 (Table 1) . For each experimental condition salt (NaCl) threshold values were determined by a dose-response line containing all the points above the threshold value. The threshold values for the salt taste correspond to the salt concentration at an intensity of 1 on the FPA seven-point scale (APHA, 2000) . All test points were completed in triplicate and an average and standard deviation (SD) were plotted on all figures. For the third part of the project Weber-Fechner curves were determined for CAP water diluted with Milli-Q water or AVRA water. The TDS for the 100% CAP water was 700 mg/L at pH ¼ 8.0. This experiment was completed to understand the effect of natural TDS concentration levels in CAP water versus NaCl (as TDS) in Milli-Q water on salt taste.
Results and discussion
FPA of salt taste alone, with free chlorine or chloramines in Milli-Q water A threshold taste of salt (NaCl) of 650^50 mg/L was determined for NaCl for (a) salt alone, (b) salt in the presence of constant free chlorine (2.0 mg/L) or (c) salt in the presence of constant chloramine (0.8 mg/L) at pH 8. This was determined by the Weber-Fechner dose-response curves by the FPA method for NaCl concentrations of 250-2,500 mg/L. A more precise second set of FPA evaluations was completed for the smaller range of salt concentrations (150-1250 mg/L) in the presence of constant free chlorine (1.6 mg/L) or chloramine (1.0 mg/L), respectively at pH 8. The average taste threshold concentration was 640^3 mg/L. Figure 1 exemplifies some of the experimental data. It is noted that the US drinking water standards for a combination of any salts that are present in water is 500 mg/L as TDS. The correlation coefficients (R 2 ) for the salt alone, salt in the presence of free chlorine or chloramines were above 0.78 (Figure 1) .
The FPA data and Weber-Fechner curves (Figure 1 ) indicate disinfectants have no antagonistic or synergistic effects on the taste of salt in Milli-Q water. A quality assessment of the FPA analysis was completed. Most of the standard deviation (SD) was between 0.5 and 1 unit of intensity. Approximately 10% of over 45 determinations of the FPA analysis had a SD of 1.1 -2.2 with four outliers. The SD of the results was in the expected range of the FPA method (Meng and Suffet, 1992) .
FPA of free chlorine or chloramines in the presence of constant salt concentration
The second objective studied the effect of different concentrations of free chlorine or chloramines with different salt (NaCl) concentrations on chlorine or chloramine flavour in drinking water. Table 1 (Table 1) with Krasner and Barrett (1980) ; B Krasner and Barrett study (1980) 500 mg/L) in Milli-Q water and Weber-Fechner curves of free chlorine and chloramines in Sparklett's mineral water of mixed TDS (Krasner and Barrett, 1980) . The R 2 from the dose-response curves of free chlorine with constant salt concentration for three different runs (NaCl: 500, 500 and 250 mg/L) at pH 8 were 0.98, 0.85 and 0.91, respectively (Figure 2 ). The two lowest R 2 from dose-response curves for the chloramine with constant salt concentration for two different runs of NaCl (250 and 500 mg/L) were 0.19 and 0.14. Table 1 and Figures 2 and 3 indicate that the flavour threshold concentration cannot be estimated by projection of the lines back to the threshold intensity of 1 on the WeberFechner curves because of the presence of the apparent outliers of flavour response in the 0.2-0.8 mg/L range of chlorine or chloramine concentration for Milli-Q water with or without NaCl. This phenomenon was confirmed in two independent tests. The standard deviation of the FPA outliers was four times their intensities.
The apparent outliers for the 0.2 -0.8 mg/L free chlorine or chloramine range are probably due to magnification of panellists' sensitivity at low chlorine or chloramine concentrations when NaCl is the only mineral present with Milli-Q water. NaCl does not represent true mineral content of the drinking water, as the effect is not clearly seen with mineral water by Krasner and Barrett (1980) . There seems to be a difference of ionic character of human saliva and Milli-Q water with NaCl. At low (0.2 -0.8 mg/L) free chlorine concentrations (no salt in Milli-Q water) the panellists described free chlorine flavour as dry mouth effect. Human saliva contains electrolytes, mucus, different enzymes and other organic compounds. The salt ions in "unstimulated" (low flow) saliva are approximately Na þ (3 mM), K þ (25 mM), Cl 2 (24 mM) and HCO 3 2 (3 mM) at pH 6.5, and this dramatically changes for "stimulated" saliva to approximately Na þ (45 mM), TDS, between unstimulated and stimulated saliva, respectively. Apparently, NaCl in Milli-Q water solutions is not equilibrated with the ion concentration of saliva in the mouth and the concentration of free chlorine or chloramines cannot be tasted correctly. Therefore, dechlorinated tap water may be the best background water to use for a particular drinking water evaluation of chlorine or chloramines flavour thresholds. The low correlation coefficients for chloramines, produced by FPA (Figure 3 ), indicate that FPA panellists have different sensitivity for the chloramine flavour (monochloramine). These findings correspond to the Krasner and Barrett (1980) results shown in Figure 3 . FPA of the chloramines (monochloramine) by Krasner and Barrett (1980) found that at a level of 0.5 -3.0 mg/L monochloramine produced a threshold-to-slight intensity. It was only the most sensitive panellists who detected this compound. The scatter in Krasner and Barrett (1980) chloramine FPA results probably arose from varying panellist sensitivities. Table 2 shows the composition and Figure 4 the Weber-Fechner plots for the three waters: CAP, AVRA ground water and a 50:50 blend. The FPA panel determined the maximum free chlorine intensity in three waters as 4.3 for CAP water. The free chlorine intensity of 4.3 for CAP water corresponded to a concentration range of 1.5 -2.2 mg/L free chlorine in Milli-Q water from the Weber-Fechner response curves of Figure 2 . The actual measured value of chlorine concentration of CAP water was equal to 0.7 mg/L. This finding indicates a synergistic effect contributed by the minerals of CAP water on chlorine flavour. Apparently, NaCl or salt alone did not contribute to the synergistic effect of CAP water. The actual dose-response curve in three waters tested for the chlorine intensity versus concentration had an R 2 ¼ 0.99, as shown in Figure 4 . Thus, to determine the real dose-response relationship for the chlorine flavour, water similar in mineral content to CAP and AVRA waters should be used. Data from Figure 4 indicate the slopes for the free chlorine in three different waters, and five steps CAP diluted water had near equal values (parallel response) with different intercepts (Figure 4 ). The intercept with the higher value indicates that for the same free chlorine concentration the free chlorine intensity would be higher. Thus, dilution of CAP water with AVRA water resulted in higher free chlorine flavour than CAP water diluted with Milli-Q water (Figure 4) . The slope of the dose-response curve for the free chlorine flavour (Krasner and Barrett, 1980) , based on flavour-by-mouth and taste-free water (Sparklett's crystal fresh-drinking water samples), was 1.6 times higher with near equal intercept to free chlorine in the three waters. The flavour threshold intensities (TCs) for the three waters, Krasner and Barrett (1980) , and five steps diluted "CAP" water were 0.12 mg/L, 0.3 mg/L and 0.45 mg/L, respectively. These data confirm the fact that the actual mineral content of drinking water and not just NaCl is needed for comparative flavour tests. FPA analysis of CAP water diluted with Milli-Q water determined that the maximum free chlorine flavour intensity was 3.3 ( Figure 4 ) and a salty taste was just below threshold. The intensity of 3.3 corresponds to the concentrations between 0.85 and 1.7 mg/L for the free chlorine study (Figure 2) . FPA of the five steps diluted CAP water with Milli-Q water shows no synergism when the CAP water TDS was diluted. The chlorine threshold flavour intensity of CAP diluted water was observed to be near 0.45 mg/L. The literature flavour threshold value of free chlorine is shown to be 0.3 mg/L (see Figure 4 ) (Krasner and Barrett, 1980) . Again, this confirms previous results that natural background water must be diluted to determine the flavour threshold of chlorine, and salt in distilled water is a poor surrogate. The major finding of the triangle test is that a dilution of 20% CAP and 80% Milli-Q water was required to reach the 0.3 mg/L chlorine level which corresponds to free chlorine threshold level in Sparklett's bottled water (Krasner and Barrett, 1980) . However, experimentally, dilution of 33% of CAP and 67% Milli-Q water was required to reach flavour threshold concentration for free chlorine (0.45 mg/L). Once again, the actual mineral content of Sparklett's bottled water, and not just Milli-Q water, was needed for comparative flavour tests for chlorine and chloramines.
Conclusions
Salty taste with or without chlorine or chloramine flavour is one of the consumer complaints to water utilities. Evaluation of NaCl taste alone and with free chlorine or chloramines showed the disinfectants have no antagonistic or synergistic effects on the taste of NaCl (as salt) in Milli-Q water. The average taste threshold concentration for NaCl, salt, in Milli-Q water was 640^3 mg/L at pH 8 using the FPA taste panel method. Evaluation of free chlorine or chloramine flavours at different NaCl levels with Milli-Q water indicated threshold concentrations for free chlorine or chloramines with NaCl cannot be estimated at an intensity of one, due to apparent outliers occurring for the 0.2-0.8 mg/L range. Apparently, NaCl is not equilibrated with the concentration of ions in the saliva in the mouth and the concentration of free chlorine or chloramines cannot be tasted correctly. Therefore, dechlorinated tap water may be the best background water to use for a particular drinking water evaluation of TDS flavour thresholds.
Comparison of the FPA study of NaCl laboratory tests to CAP and AVRA groundwater from Tucson, AZ concluded that 80% dilution of CAP water with Milli-Q (CAP: Milli-Q ¼ 20:80 v/v) water should be required to reduce the free chlorine flavour to the threshold value of 0.30 mg/L, (Krasner and Barrett, 1980) . Actually, a 67% dilution of CAP water with Milli-Q (CAP:Milli-Q ¼ 33:67 v/v) water was needed to reduce the free chlorine flavour to the experimental threshold value (0.45 mg/L). Once again, the actual mineral content of water, and not just Milli-Q water, was needed for comparative flavour tests for chlorine and chloramines. No synergistic effect was found for CAP water with chlorine on dilution with Milli-Q water. In contrast, when AVRA groundwater was used for dilution of CAP water, a synergistic effect of the TDS present was observed for chlorine flavour. The study concluded that the actual mineral content of drinking water, and not just NaCl, is needed for comparative flavour tests for chlorine.
